Background. The relationships between soluble CD14 (sCD14), endotoxin (lipopolysaccharide [LPS]), and progression of atherosclerosis have not been defined in human immunodeficiency virus (HIV) infection.
With improved survival, cardiovascular disease has become an increasingly important cause of morbidity and mortality among persons infected with human immunodeficiency virus (HIV) type 1 [1] , underscoring the need to better understand the contributors to cardiovascular disease risk. Evidence from clinical studies supports a link between endotoxemia and the development of atherosclerosis and metabolic complications in humans [2, 3] . HIV pathogenesis is characterized by a chronic state of immune activation, which is an independent predictor of disease progression in untreated persons [4] . Although bacterial translocation from the gut has been implicated as a possible cause of this immune activation and thus disease progression [4, 5] , its role in the progression of atherosclerosis in HIV-infected persons receiving antiretroviral therapy (ART) remains largely unknown. Previous studies have shown increased serum lipopolysaccharide (LPS) levels in persons with viremia compared with healthy volunteers [6, 7] . LPS is thought to induce systemic immune activation by binding to CD14 + monocytes and macrophages, which consequently produce soluble CD14 (sCD14) [8] [9] [10] . Thus, levels of LPS and sCD14 have been used as biomarkers of bacterial translocation and macrophage activation, respectively, but have not been previously studied in of the context of atherosclerosis in HIV infection [5] . In addition, the effect of ART, including protease inhibitor (PI) drugs, on levels of these biomarkers remains largely unknown. Measurement of carotid artery intima-media thickness (CIMT) using noninvasive B-mode ultrasound is well documented as a measure of subclinical atherosclerosis [11] [12] [13] , and we used the yearly rate of change in CIMT (ΔCIMT) as the primary end point for this study. Serum sCD14 and LPS levels were determined on cryopreserved samples, and these biomarkers were compared between HIV-infected individuals receiving PI-based treatment, HIV-infected individuals receiving non-PI-based treatment, and HIV-uninfected individuals. The effects of HIV infection and PI treatment on levels of these serum biomarkers over time were evaluated. Finally, we examined the association between baseline serum sCD14 and LPS with the progression of atherosclerosis as evaluated by the yearly rate of change in CIMT in each of these groups.
MATERIALS AND METHODS

Study Design
A5078 was a prospective, matched cohort study that was designed to investigate the roles of PI therapy and HIV infection on the progression of atherosclerosis; the study design and primary results have been published elsewhere [11, 12] . The study enrolled 133 individuals in 45 triads (groups of 3 individuals matched by age, sex, race or ethnicity, smoking status, blood pressure, and menopause status); detailed inclusion and exclusion criteria have been described elsewhere [11, 12] . Each triad consisted of 1 individual from each of the following groups: (1) HIV-infected individuals with continuous use of PIbased therapy for ≥2 years, (2) HIV-infected individuals receiving ART without prior PI use, and (3) HIV-uninfected individuals. Atherosclerosis, measured as CIMT, was determined at weeks 0, 24, 48, 72, 96, and 144 in the 3 groups, as described elsewhere [11] [12] [13] . Using 182 cryopreserved samples from 91 subjects in this prospective study, serum sCD14 and LPS levels were measured in 2 specimens from week 0 and week 96 (if there was no week 144 specimen) or 144. Among the 91 subjects, 41 triads were represented, of which 15 were complete. We investigated whether there are associations between PI-based treatment, HIV infection, CIMT, serum sCD14, and serum LPS.
Data Collection
The CIMT at the far wall of the right distal common carotid artery was measured at baseline and longitudinally [9] [10] [11] . Baseline variables of fasting blood glucose levels, blood lipid levels, cardiovascular disease-related measurements, blood CD4 + T-cell counts, plasma HIV RNA levels, and serum levels of metabolic markers, including homocysteine, high-sensitivity C-reactive protein (hs-CRP), and insulin, had been previously determined [11, 12] . Metabolic syndrome was defined by National Cholesterol Education Program criteria [14] . Serum sCD14 levels were quantified by enzyme-linked immunosorbent assay (ELISA) in accordance with the manufacturer's protocol (Quantikine ELISA; R&D Systems). The limit of detection of this assay was 125 pg/mL and the intra-and interassay variability were 3.5% ± 1.37% and 5.0% ± 2.8%, respectively. Serum LPS levels were measured using the PyroGene Recombinant Factor C Assay Limulus assay (Lonza), as described elsewhere [15] . The limit of detection of this assay was 0.01 endotoxin units/mL, and the intra-and interassay variability were 5.2% ± 3.37% and 10.1% ± 3.4%, respectively.
Power Calculations
The primary objective evaluated 2 pairwise differences in yearly rates of change between groups. Based on available A5078 data, we assumed 30 evaluable subjects per group. Using a 2-sided, .05-level, 2-sample t test with 2 comparisons, we had the ability detect a difference of 0.8 times the common standard deviation of the yearly rate of change in the outcome with 80% power.
Statistical Methods
Subjects were matched within triads. Matched analysis comparing the 2 HIV groups (18 triad pairs) assessed for an effect of PI therapy on the yearly rate of change in sCD14 and LPS. The HIV/non-PI and HIV-uninfected groups (21 triad pairs; or combined HIV group vs uninfected group if there was no difference between the 2 HIV groups) were compared to assess the effect of HIV infection on the yearly rate of change in sCD14 and LPS. A variation on the Wilcoxon signed-rank test was used to compare the 2 HIV-infected subjects with the HIV-uninfected control subject in each triad [16] . Mixedmodels linear regression analyses with the triad as a random effect were used to evaluate whether baseline measurements of serum sCD14, serum LPS, and CIMT were associated with baseline covariates. Associations between the yearly rate of change in CIMT and baseline covariates were examined using a repeated measures analysis. Covariates univariately associated with the outcome (P < .05) were examined together using the backward elimination method to build the final multivariate model. SAS software (version 9.2 PROC MIXED) was used for all regression analyses.
RESULTS
Comparison of Baseline Characteristics of Subjects
Baseline data from the 91 subjects in this study are summarized in Table 1 . Twenty-four subjects (26%) had 96 weeks of follow-up, and 67 (74%) had 144 weeks. The age, race or ethnicity, and group membership of the subjects who dropped Except where otherwise indicated, data represent No. (%) of subjects. a Because of missing data, the sample sizes were n = 90, n = 28, n = 26, and n = 36, respectively.
b Because of missing data, the sample sizes were n = 89, n = 27, n = 26, and n = 36, respectively.
c Because of missing data, the sample sizes were n = 84, n = 27, n = 24, and n = 33, respectively.
d Because of missing data, the sample sizes were n = 53, n = 27, and n = 26, respectively. e P < .001 (Wilcoxon P value for group differences: HIV infected vs uninfected and HIV/PI vs HIV/non-PI vs uninfected).
f Within the HIV/PI and HIV/non-PI groups, the choice of baseline ART varied. In the PI group, 18 subjects (62%) received a single PI (8 nelfinavir, 8 indinavir, andout of the study after week 96 did not differ from those who completed the week 144 visit. In the 55 HIV-infected subjects, the median blood CD4 + T-cell count was 488 cells/mm 3 , and 84% had HIV plasma viremia <50 copies/mL (maximum, 379 copies/mL). The median duration of PI use was 190 weeks at baseline in the HIV-infected PI group. The HIV-infected groups had comparable CD4 + T-cell counts, nadir CD4 + T-cell counts, plasma viremia, and usage of nucleoside reverse transcriptase inhibitors at baseline. Overall, these data indicate that there were no major differences in anthropometric characteristics between the 3 groups in our study and that the 2 HIV-infected groups were comparable in terms of CD4 + T-cell counts and plasma viremia.
Comparisons of Metabolic Parameters Between Study Groups
Baseline values for metabolic parameters are also summarized in Table 1 . In a matched analysis in 26 triads, subjects in the HIV-infected PI group had higher cholesterol and hs-CRP levels at baseline and at week 96, higher baseline triglyceride levels, and higher low-density lipoprotein cholesterol levels at week 96 than the HIV-uninfected group (all P < .05). Subjects in the HIV-infected non-PI group had higher triglyceride levels at week 96 than the HIV-uninfected group in 21 matched triads (P = .005). In a matched baseline analysis, subjects in the HIV-infected PI group had a higher proportion of metabolic syndrome than the HIV-infected non-PI group (26 triads), who, in turn, had a higher proportion than the HIVuninfected group (21 triads) (all P < .01). There were no significant trends over time within any group for all the metabolic parameters (P > .05) (Supplementary Table) . Overall, these findings show that the HIV-infected subjects in our cohort had a higher rate of metabolic abnormalities than the HIVuninfected subjects.
HIV Infection and PI Treatment: No Association With Changes in CIMT
A5078 was initially designed to investigate the roles of PI therapy and HIV infection in the progression of atherosclerosis. Consistent with our earlier findings on the entire cohort, there were no statistically significant differences in either baseline CIMT or yearly rates of change in CIMT between the PI and non-PI HIV-infected groups (P > .2) ( Table 2 ). There were also no statistically significant differences in either baseline CIMT or yearly rates of change in CIMT between the combined HIV-infected group and the HIV-uninfected group (P > .4). However, both the combined HIV-infected and HIVuninfected groups had significantly greater CIMT by 96 or144 weeks compared with baseline CIMT (non-zero yearly rates of change in CIMT) (P < .001). Thus, although there were changes in CIMT over time in HIV-infected and HIV- uninfected groups, there was no significant association of HIV infection and PI therapy on baseline CIMT or its rate of change over the duration of the study.
Factors Associated With Baseline CIMT
We investigated factors that were associated with baseline CIMT identified by both univariate and multivariate regression models and sought to determine whether biomarkers of macrophage activation and bacterial translocation can predict baseline CIMT ( Table 3 ). Variables that were significantly (P < .05) associated with higher baseline CIMT in univariate analysis included older age, male sex, white race, and higher baseline body mass index (BMI), but not sCD14 or LPS level. In multivariate analysis, only white race and higher baseline BMI were significantly associated with higher baseline CIMT. Within the combined HIV-infected group, male sex and higher baseline BMI were significantly associated with higher baseline CIMT in the multivariate analysis (Table 4) . These results show that anthropometric characteristics rather than biomarkers of macrophage activation and bacterial translocation were significantly associated with baseline CIMT.
Factors Associated With Change in CIMT Over Time
We then determined the factors that were associated with progression of atherosclerosis, defined as the yearly rate of change in CIMT (Table 3) . Those significantly (P < .05) associated with a positive yearly rate of change in CIMT in univariate analysis included higher baseline serum sCD14 and LPS, and lower yearly rate of change in serum sCD14 levels. In multivariate analysis, higher baseline levels of serum sCD14 and serum LPS were associated with a positive yearly rate of change in CIMT. Similar results were observed for the combined HIV-infected group (Table 4 ; Figure 1 ). However, in univariate analysis in the HIV-uninfected group, none of the above parameters, including sCD14 (P = .33) and LPS (P = .27) were associated with yearly rate of change in CIMT (Table 4) . Overall, these findings indicated that baseline serum biomarkers of microbial translocation and macrophage activation (LPS and sCD14) were significantly associated with progression of subclinical atherosclerosis.
Factors Associated With Higher Baseline sCD14 Levels
Determination of factors that affect serum sCD14 and LPS is important for studying the possible association of these biomarkers with progression of atherosclerosis in longitudinal studies. We first determined the effect of HIV infection and PI therapy on serum sCD14 levels. As shown in Table 2 , at weeks 0 and week 96 or 144, serum sCD14 levels were significantly higher in the HIV groups singly and combined than in the HIV-uninfected group (both P < .001). However, in a matched P < .10 for all predictors, except baseline sCD14 and LPS. The reference group used for determination of the parameter estimate was clarified as needed. In univariate analysis, the baseline covariates considered were age, sex, race, fasting lipid measurements (total cholesterol, low-density lipoprotein cholesterol, HDL cholesterol, triglycerides, and non-HDL cholesterol), use of lipid-lowering drugs, fasting glucose, BMI, waist circumference, waist-hip ratio, insulin, high-sensitivity C-reactive protein, homocysteine, sCD14, and LPS. Only covariates significant (P < .05) in univariate analysis were considered in the multivariate models; the final multivariate models in this table include only the covariates remaining significant.
analysis, there was no statistically significant difference between the rates of change in sCD14 levels between the PI-and non-PI-treated HIV groups (P = .97). There was no statistically significant difference in the rates of change of serum sCD14 levels between the combined HIV group and the HIV-uninfected group (P = .35). Within each of the 3 groups, serum sCD14 levels at baseline were not significantly different than sCD14 levels at 96 or 144 weeks (no statistically significant non-zero yearly rate of change of sCD14). These data demonstrate that HIV infection, but not PI therapy, is associated with higher baseline sCD14 but not with the rate of changes of sCD14 over the time interval of this study. We then identified factors that were associated with baseline serum sCD14 levels as assessed by univariate and multivariate P < .10 for all predictors, except baseline sCD14 and LPS In univariate analysis, The reference group used for determination of the parameter estimate was clarified as needed. The baseline covariates considered for all subjects were age, sex, race, fasting lipid measurements (total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides, and non-HDL cholesterol), use of lipid-lowering drugs, fasting glucose, body mass index, waist circumference, waist-hip ratio, insulin, high-sensitivity C-reactive protein, homocysteine, sCD14, and LPS. For the HIV-infected subjects, additional covariates included years of PI use, CD4 + T-cell counts, and nadir CD4 + T-cell counts. Only covariates significant (P < .05) in univariate analysis were considered in the multivariate models; the final multivariate models in this table include only the covariates remaining significant. regression models (Table 5) . In multivariate analysis, higher baseline serum sCD14 levels were significantly (P < .05) associated with higher baseline hs-CRP levels, whereas lower levels were significantly associated with baseline triglyceride levels <150 mg/dL or with HIV infection. Similar multivariate results were found within the combined HIV-infected group: higher levels of baseline serum sCD14 were significantly associated with higher baseline hs-CRP levels, whereas lower levels were significantly associated with baseline triglyceride levels <150 mg/dL. Thus, hs-CRP, a biomarker of systemic inflammation, and baseline triglycerides, an energy source for macrophages, were significantly associated with baseline levels of sCD14, a biomarker of macrophage activation.
HIV Infection and PI Treatment: No Association With Significant Changes in Serum LPS Levels
We next determined the effect of HIV infection and PI therapy on LPS. Baseline serum LPS levels in the HIVuninfected group were not significantly different than in either HIV group (with or without PI treatment) or the combined HIV group (all P > .2; Table 2 ). Considering the effect of PI therapy on serum LPS levels in a matched analysis, there were no significant differences in the yearly rates of change in serum LPS levels between the 2 HIV groups (P = .55). Furthermore, the yearly rates of change in LPS between the combined HIV group and the HIV-uninfected group were statistically indistinguishable (P = .95). Within each of the 3 groups, serum LPS levels at baseline were not significantly different than levels at 96 or 144 weeks (no statistically significant non-zero yearly rate of change in LPS) (all P > .05). Finally we investigated factors that were significantly (P < .05) associated with baseline serum LPS levels identified by univariate models (Table 5) . In univariate regression analysis, female sex was the only factor significantly associated with higher baseline levels, but this was not observed in the combined HIV-infected group. In summary, LPS levels did not significantly change over time within the study groups, and there was no significant effect of HIV infection and PI therapy or other factors on serum LPS levels.
DISCUSSION
These data are the first to demonstrate that the serum sCD14 and LPS biomarkers of inflammation are associated with the progression of subclinical atherosclerosis, providing a potentially unifying etiology for the observed increased risk of cardiovascular disease in HIV-infected individuals [17, 18] .
Atherosclerosis is an inflammatory process in which activated macrophages [19] and T cells play important roles [20] [21] [22] [23] . LPS is a potent stimulant of monocytes/macrophages, which express high levels of the key endotoxin receptor, the Toll-like receptor 4/CD14 complex [19] that may be associated with increased risk for cardiovascular disease in humans [3] . LPS has also been proposed to be a central mediator of HIV-induced chronic immune activation, which is believed to play a pivotal role in progression of HIV infection [6, 23, 24] .
Thus, serum sCD14, a biomarker of monocyte response to LPS, has been described elsewhere as a plasma marker of atherosclerosis in HIV-uninfected persons [25] . Although elevated serum sCD14 is an independent predictor of mortality in HIV infection [15] , to our knowledge there are no data on the factors affecting serum sCD14 levels and the yearly rate of change in serum sCD14 in HIV-infected and HIV-uninfected subjects.
Both serum sCD14 and LPS levels remained stable over time within each group, and thus we were unable to assess possible differences in their rates of change between groups. In multivariate analysis in all subjects, higher baseline serum hs-CRP levels, lower serum triglyceride levels, and HIV infection had significant associations with higher baseline levels of serum sCD14.
A positive association between serum hs-CRP and sCD14 has been shown in other inflammatory conditions [26, 27] , and we found a similar association in HIV-infected individuals, who also had significantly elevated levels of sCD14 compared with HIV-uninfected individuals. Although there are limited data on the association of serum triglycerides with sCD14, a common polymorphism in the promoter for the CD14 gene has been associated with serum triglyceride levels in nondiabetic individuals, suggesting that sCD14 and triglycerides may be interdependent [28] . Figure 1 . Three-dimensional surface plot illustrating the relationship of the yearly rate of change in carotid artery intima-media thickness (ΔCIMT) (z-axis) with baseline levels of soluble CD14 (sCD14) (x-axis) and baseline levels of lipopolysaccharide (LPS) (y-axis) for the 55 human immunodeficiency virus-infected subjects in the study.
HIV infection may produce a phenotype of lipid-rich inflamed atherosclerotic plaques that may be vulnerable to rupture, potentially through up-regulated monocyte/macrophage activation [29, 30] . However, correlates of macrophage phenotype and cardiovascular disease are poorly characterized [19] in individuals receiving ART who have suppressed viremia.
In this substudy of A5078 [11, 12] , we found that baseline serum sCD14 and LPS levels were positively associated with the yearly rate of change in CIMT in both the overall study population and HIV-infected subjects only. However, the strength for predicting subclinical atherosclerosis progression in HIV-infected persons was greater for conventional atherosclerosis risk factors, such as high-density lipoprotein cholesterol, than for LPS or sCD14.
Consistent with our results, Burdo et al demonstrated that HIV-infected subjects with few conventional risk factors can have noncalcified disease that may be related to monocyte/ macrophage activation, as measured by serum sCD163 levels [30] . Although these data suggested that monocyte/ Abbreviations: BMI, body mass index; CI, confidence interval; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein.
P < .10 for all predictors, except baseline CIMT, sCD14, and LPS. The reference group used for determination of the parameter estimate was clarified as needed. In univariate analysis, the baseline covariates considered for all subjects were age, sex, race, fasting lipid measurements (total cholesterol, low-density lipoprotein cholesterol, HDL cholesterol, triglycerides, and non-HDL cholesterol), use of lipid-lowering drugs, fasting glucose, BMI, waist circumference, waist-hip ratio, insulin, hs-CRP, homocysteine, sCD14, LPS, and CIMT. For the HIV-infected subjects, additional covariates included years of protease inhibitor use, CD4 + T-cell counts, and nadir CD4 + T-cell counts. Only covariates significant (P < .05) in univariate analysis were considered in the multivariate models; the final multivariate models in this table include only the covariates remaining significant. macrophage activation may contribute to subclinical atherosclerosis, our prospective study with longitudinal measurements of CIMT up to 3 years is the first, to our knowledge, to demonstrate that monocyte/macrophage activation may contribute to progression of atherosclerosis in HIV-infected subjects with low-level viremia, independent of conventional risk factors. Our results extend prior data that showed endothelial dysfunction among HIV-infected subjects with long-standing low-level viremia [31] .
CD14 can have both a stimulatory and inhibitory effect on inflammation in the setting of sCD14-LPS-host cell interactions [8, 32] . Thus, determining factors that affect baseline serum LPS in HIV-infected and HIV-uninfected subjects is important when studying the possible association of LPS and sCD14 with progression of atherosclerosis. ART with PI was not associated with baseline serum levels of LPS and sCD14 in our small study. Although it has been suggested that PIs can have immunomodulatory effects by blocking the Toll-like receptor-and tumor necrosis factor α-mediated NF-kB activation and proinflammatory cytokine production [33] , previous studies have indicated that ART does not induce a significant decline in microbial translocation and LPS levels [34, 35] .
Similar to findings in previous studies [15, 30] , serum LPS levels did not correlate with sCD14 in our study. It may be the nature of the host response to LPS rather than the amount of LPS that determines macrophage activation [32, 36] . Contrary to previous studies, we failed to demonstrate differences in serum LPS levels between HIV-infected and HIV-uninfected subjects [15] . This could be explained by variability in host factors and/or the method of LPS measurement [37, 38] as well as the small size of our study compared with other studies [15] .
We demonstrated that baseline levels of serum LPS are associated with progression of atherosclerosis (yearly rate of change in CIMT) in HIV-infected persons. Previous crosssectional studies have shown that LPS is not associated with development of subclinical atherosclerosis in HIV-infected subjects [30] and that LPS is not an independent predictor of mortality in HIV infection [15] , in contrast to sCD14. However, the effects of chronically elevated microbial translocation into the bloodstream on the cytokine milieu and activation of monocytes/macrophages and vascular endothelium in the setting of HIV infection are not reversed by ART [19, 39] . Indeed, treatment of mice with LPS induces development of early atheroma formation [40] . Thus, our results suggest that increased microbial translocation during chronic HIV infection may be linked pathogenetically to progression of atherosclerosis in HIV-infected individuals.
Limitations of our study include the nonrandomized design, the variable duration of follow-up in this cohort, and the small sample size, especially for the HIV-uninfected group. Finally, our study was not designed to detect the effects of the various antiretroviral drugs.
Together, these data lend insight into the dynamic process by which cardiovascular disease develops among HIV-infected individuals despite low or undetectable plasma viremia and suggest that monocyte/macrophage activation and bacterial translocation contribute to the progression of atherosclerosis in these subjects. As the long-term survival of the HIVinfected population continues to improve, our results emphasize the importance for further studies on the role of different modalities to limit microbial translocation in an effort to reduce modifiable cardiovascular risk factors.
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